Consolidation
Amorphous alloys exhibit several superior properties which cannot be obtained in conventional crystalline materials. Especially, excellent soft magnetic properties have been obtained in many kinds of amorphous alloys. Also, hard magnetic alloys with a nanocomposite structure consisting of hard and soft magnetic phases have been synthesized by annealing of amorphous alloys. However, the shape of the amorphous alloys has been limited to ribbons, wires and powders with small thicknesses or diameters, because high cooling rates are required for the formation of an amorphous structure from the liquid. Consequently, the production of bulk amorphous alloys by the powder metallurgy (P/M) processing of amorphous powders has been an important subject for extension of application fields. A number of studies have previously been carried out on the consolidation of amorphous alloy powders using various powder metallurgical techniques such as warm extrusion, static high pressure compaction, explosive compaction, and dynamic compaction.
In spite of these great efforts, little has been reported about successful results on the formation of amorphous bulk forms exhibiting useful properties. Multi-component Fe67Co9.5Nd3Dy0.5B20 glassy powders were produced by mechanical crushing of melt-spun glassy alloy ribbons and used for consolidation experiments. The alloy composition represents the nominal composition of the mixture. Its master alloy ingot was first prepared by arc melting the mixture of pure metals and boron in an argon atmosphere. The ingot was crushed into small pieces to accommodate the size of a quartz crucible for melt-spinning. The nozzle of the crucible has a diameter of about 0.5 mm.
The glassy alloy ribbon with a thickness of about 0.02 mm was prepared by using a single-roll melt-spinning equipment with a copper roll (roll diameter: 0.2 m, surface velocity: 40 m/s) under an argon gas atmosphere. The glassy alloy ribbon was mechanically crushed using a rotor-milling machine under a nitrogen gas atmosphere. The three kinds of powders sieved to under 45µm, 45 -90µm, and 90 -150 µm were used for the subsequent consolidation.
The consolidation was performed using a uniaxial hotpress equipment under an argon atmosphere. The powders were pressed under a pressure of 780 MPa in a metallic die with an inner diameter of 20 mm. The die set under application of the pressure was heated at a heating rate of 0.33 K/s to each consolidation temperature, and then cooled by flowing argon gas without an isothermal state. Hereafter, the maximum temperature in each hot-press experiment is defined as the nominal press temperature.
The glassy and crystallized structures were examined by X-ray diffraction (XRD). The thermal stability associated with glass transition and crystallization was examined by differential scanning calorimetry (DSC) at heating rates of 0.33 and 0.67 K/s. The density of the compacts was measured by the Archimedean method using toluene. The density of the ribbon was determined as 7.58 Mg/m3 for the Fe67Co9.5Nd3Dy0.5B20 glassy alloy. The annealing treatment was made in an evacuated quartz tube for 600 s at various temperatures. Magnetic properties of remanence and coercive force were measured using a vibrating sample magnetometer (VSM) in a maximum applied field of 1256 kA/m at room temperature.
Results

Effect of hot-pressing temperature
The glass transition temperature Tg (0.33) and crystallization temperature T,, (0.33) of the glassy Fe67Co9.5Nd3Dy0.5B20
powder were 791 and 840 K, respectively, at the heating rate of 0.33 K/s which corresponds to that of the hot-pressing experiments. Here Tg (0.33) and L(0.33) are defined as the onset temperatures of glass transition and crystallization events, respectively. The crystallization behavior of glassy alloys is usually dependent on heating time and temperature as well as heating rate. In order to examine such kinetic behaviors, DSC measurements during isothermal annealing at various temperatures were also performed. The time to the onset of the exothermic reaction due to crystallization was measured during isothermal DSC measurements after heating up to each desired temperature at the heating rate of 0.33 K/s. The time-temperature-transformation (T-T-T) curve constructed on the basis of these data is shown in Fig. 1 . This curve indicates that the time up to crystallization becomes drastically short as the temperature increases to the Tx(0.33).
Based on the above-described thermal properties, the Fe67Co9.5Nd3Dy0 .5B20 glassy powders sieved to 45 -90 µm were compacted during heating to temperatures in the range from 783 K below the Tg (0.33) to 853 K above the T, (0.33). Fig. 2 shows the relative densities of these compacts pressed at various temperatures. The relative densities are expressed in percentage against the glassy ribbon density. The relative density of the compacts increased with increasing press temperature and reached a nearly full density. Optical micrographs (OM) of the cross sections of these as-pressed samples are shown in Fig. 3 . The compact pressed at 783 K had large pores as shown by the black contrast in this figure. The size and fraction of the remaining pores appear to decrease with increasing in pressing temperature. This tendency is consistent with the density data. Fig. 4 shows the XRD patterns of these hot-pressed compacts. The XRD pattern of the glassy powder is shown for comparison. The diffraction patterns of the samples consolidated at the temperatures up to 833 K consist of a halo pattern and no detectable diffraction peak of crystalline phase is seen. However, the increase in the pressing temperature to 838 K results in additional appearance of crystalline peaks which are identified as Fe3B phase. The diffraction pattern of the sample consolidated at a higher temperature of 853 K consists of crystalline peaks of Fe3B phase. Thermal stability of the hot-pressed compacts was evaluated by the DSC measurements at the heating rate of 0.67 K/s. The DSC curves of the compacts pressed at 823 K and higher are shown in Fig. 5 , together with the result of the glassy powder. Typical endothermic reaction due to Fig.2 Effect of the hot-press temperature on the density of Fe67Co9.5Nd3DyosB20 compacts. Hysteresis loops of the Fe67Co9sNd3Dyo5B2o samples in aspressed and annealed (for 600s at 913 K) states.
The hysteresis J-H loop of the Fe67Co9sNd3DyosB20 bulk sample consolidated at 833 K is shown in Fig. 6 . The soft magnetic behavior is recognized for the as-pressed sample.
In contrast, the hysteresis loop of the sample annealed for 
Effect of powder size
The hot-pressing treatments of the three kinds of the powders sieved to under 45 µm and 90-150 µm were also performed at 833 K, in order to examine the effect of powder The density of the hot-pressed compact increased with increasing press temperature and reached a nearly full density at around the crystallization temperature. This tendency is similar to the previously reported result on the consolidation of amorphous Fe88Zr7B3Ni2 powders by uniaxial hot-pressing. The densification has been explained by the drastic decrease in viscosity at the temperature just below crystallization temperature. The consolidated sample in the present study kept a glassy single phase at 823 and 833 K. However, the glassy phase changed to a partially crystallized state after hot-pressing at 838 K which is lower than the T,, (0.33) of the glassy powder. The reason can be explained from the T-T-T curve shown in Fig. 2 . The time up to crystallization at 838 K is about 10 s.
This time is too short to control the temperature during hot-pressing. The maximum value of (BH)in the present study was obtained for the sample prepared by pressing at 833 K , followed by annealing at 873 K. The magnetic properties of the sample were 1.03 T for B" 275 kA/m for iHc, and 83.8 kJ/m3 for (BH)max respectively. On the other hand, the magnetic properties of the melt-spun ribbon with the same composition annealed for 420 s at 903 K were reported to be 1.36 T for Br, 227 kA/m for ,11, and 110 kJ/m3 for (BH)max, respectively. In addition, the magnetic properties were 1.19 T for Br, 244 kA/m for ;H,, and 92.7 kJ/m3 for (BH)max, respectively, for the cast glassy Fe67Co9.4Nd3.1Dy0.5B20 rod annealed at 913 K. While the B, and (BH)m,,, of the consolidated sample are lower than those of the ribbon and cast rod, it is noticed that the ;H, is higher. The difference in the magnetic properties between the consolidated compact and the ribbon and cast rod is thought to result from the additional thermal history due to the hot-pressing, in addition to some defects such as pores and powder interfaces in the structures which are formed by the powder consolidation processing. Although the tendency of magnetic properties in the consolidated compacts is different from those of the ribbon and cast rod, the magnetic properties of the compacts consolidated at 823 and 833 K appears to approach the level to the cast rods. (1) The glassy powders can be consolidated into bulk forms. 
